The key value of Model Based Development is to realize capability of quick performance design and simulation at the early phase of development. In this paper, we modeled an arc spring type torsional damper, which has an impact on the torsional vibration characteristics of powertrain in a vehicle. To predict non-linearity of the arc springs, we took a discrete modeling approach using MODELICA and compared its simulation results with the physical test results. We also developed a user-friendly interface with FMIE (Modelon FMI Add-in for Excel) so that a non-expert of physical modeling can run performance design easily and precisely on their own.
Introduction
These days, as a car gets more complex than ever, Automotive Original Equipment Manufacturer (OEM, hereafter) are asking Parts Suppliers to deliver performance proposals at the very early phase of development. To do that, it is imperative for Parts Suppliers such as EXEDY to realize performance design with accurate and quick performance prediction.
Recently, Model Based Development (MBD, hereafter) has widely been spread out in Automotive Industry. MBD is an approach to model and simulate systems behaviors taking multiple physical domains into account even before starting the detailed design. To meet the OEM requirements described above, we applied MBD to the development of torsional damper products. The problem here is how to model the arc spring type torsional damper with a high non-linear characteristic. Therefore, we focus on modeling and validation of the arc spring component in a torsional damper.
In EXEDY, we chose some MBD tools capable of handling physical modeling, such as Dymola, for Prediction and Validation phases in V-process shown in Fig. 1 . To accelerate its deployment, it is important to build simulation models for better performance and accuracy, and to establish workflow to utilize MBD tools efficiently.
The paper comprises following chapters. First, we explain the basic structure of the torsional damper. Second, we focus on the arc spring and illustrate its physical models. Third, we show Modelica implementation and the comparison with the physical tests. Then we present our interface program on top of Microsoft EXCEL by using FMIE which enables a non-expert of physical modeling to work on the performance design of arc springs based on Modelica. 
Functions of Launch Devices
Launch devices of a car must provide following four functionalities. 1.
Transfer and cut off power 2.
Smooth connection 3.
Noise-proof and vibration-proof 4.
Fuse of drivetrain In this paper we focus on a torsional damper which plays a key role for the functionality 3 above, noiseproof and vibration-proof.
Torsional damper mitigates the torque fluctuation from a motor such as ICE (Internal Combustion Engine) and delivers only smoothed driving torque to downstream transmission (T/M, hereafter) (Fig. 2) . It reduces the torsional vibration of drivetrain which leads to the elimination of gear noise and booming noise. Adoption of recent advanced environmental technology (such as fewer cylinders or turbo chargers) causes more torque fluctuation, which requires the torsional damper to be more effective. 
Torsional Damper
Torsional dampers typically consist of multiple straight springs or arc springs. When torque input comes in from ICE side, the springs absorb and release torques repeatedly. Through this mechanism, torque fluctuation is rectified to reduce the drivetrain torsional vibration after T/M. To optimize drivetrain torsional vibration, it is an effective means to optimize the eigenvalues of torsional vibration of drivetrain. Those eigenvalues are dominated by torsional stiffness of torsional dampers. By setting eigenvalues lower than the driving range (for instance, for Automatic Transmission, under the lock-up lower-limit rotation), silence characteristics during driving is assured (Fig. 3) .
However, reducing torsional damper stiffness leads to a constraint on space, because torsional angle range has to be set wider. Also, there is a trade-off by excessive low stiffness, that is, for instance, lowfrequency vibration on the vehicle. Therefore, it is necessary to determine design specifications optimally to satisfy all target performances from OEM. 
Characteristics of Arc Springs
Arc springs, which are included in the torsional damper, have non-linear damping characteristics. Fig. 4 shows the torque fluctuation against relative torsional angles when we apply certain amplitude of torque to the arc spring. We see by those figures that the hysteresis curve resembles a leaf, which means equivalent stiffness and damping coefficients dynamically change depending on rotational speed or input torque amplitude. It is necessary to develop a highly accurate and predictive model to virtually reproduce such hysteresis curves.
Figure 4. Dynamic Characteristics of Arc Springs

Torsional torque over the relative angle at 1000rpm and 2000rpm on Component Level Test(Experimental data)
Modeling Arc Springs
To understand the measured characteristics (hysteresis curve) of arc springs, we use -number of linear spring elements and mass elements to discretize a continuous spring element (Fig. 5) . Here, is the element number counted from the input torque side, is the discretized stiffness which is the overall spring ratio multiplied by , is the discretized spring mass which is the overall mass divided by . We also define that an arc spring is stored in a cylindrical container in which the inner diameter is the same size as the arc of the spring's outer diameter. One end of the arc spring is connected to the input element, and the end of the other side is coupled to the cylindrical container so as not to rotate relatively. The cylindrical container is connected to the output element. The angle limitation is not included in this modeling.
Considering that a torsional damper is rotating at some speed, centrifugal force is applied onto the mass element which is consequently pressed against the cylindrical container. If a mass element rotates relatively to the cylindrical container because of the input torque to the arc spring, friction torque would be caused not only by the centrifugal load but also by the reaction force of the arc spring. Figure 6 shows the relation of torque and the relative torsional angle between input and output elements and the estimated mechanism, when torque is added to a discretized model of a torsional damper. From the figures, we define the relation between and output torque in several steps. 1.
Mechanism Identification
< 1 : is transmitted to the output side by the friction torque 1 from a mass element 1 . Torque is transmitted in a state where mass element 1 and the output element are coupled, hence = . 2. > 1 1 < 2 is transmitted by 1 and friction torque 2 of 2 . Here 1 slips relative to the output element, but 2 is coupled to the output element. Input torque on 2 is torsional torque on the spring element 1 ; 1 = − 1 ;. At this step, the torsional stiffness is composed of 1 . 3.
> 1 + 2 AND 2 < 3 1 and 2 slip relatively to the output element, then 1 and 2 work. At this step, the torsional stiffness is composed of the direct stiffness by 1 and 2 , so the slope represented the relation between torque and angle (= torsional torque) becomes smaller than condition 2. 4. For other elements, elements gradually move relative to the output elements by the relation between input torque and friction torque. When input torque becomes larger than all mass elements' friction torque, all spring elements will move. Every time the relative torsional direction is reversed caused by the fluctuation of the input torque, the motion is reset and restarts from the step 1. By the mechanism identified above, we consider that the measured characteristics (a leaf shape hysteresis curve) appear. Now we define the force equation based on the identified mechanism. The friction torque of one mass element is defined as the equation below:
Here, is friction torque associated with each mass element, is a dynamic friction coefficient, is a friction radius, is a pressing force to the friction surface.
The pressing force to the friction surface is distributed as shown in Fig. 7 , and defined per the equations below: 
Study of Discretization Level
The arc spring is wound up dozens of times. Therefore it is important to determine the number of elements for discretization. If we take the actual number of turns for discretization, the simulation model will have several degrees of freedom only with an arc spring. This may lead to high accuracy but slower calculation speed. When the discretization number is too small, the problem comes into calculation accuracy and vice versa (because the detail behavior shown in 3.1 is not reproduced). So we investigate how much will be impacted depending on the change of , with representative torsional damper design variables to equation (1) and (2). Fig. 8 shows prediction accuracy versus numbers of elements; here, when is set as an actual winding number, prediction accuracy of is defined as 100%. By the figure, prediction accuracy is expected more than 98%, when the number of elements is more than 6. 
Modeling & Verification
Modelica was chosen to implement the considered mechanism. The reason for this is that compared to other physical modeling tools, we get the following benefits:
• Straightforward description with equations • Simple mixing of equations and physical models • Reuse and extension of models due to expressiveness of the source code • In-house built package can be integrated
Modeling Arc Spring Components
First, the spring and mass elements modeled using the SpringDamper and Inertia component are already available in the Mechanics.Rotational package included in the Modelica Standard Library (MSL). Internal variables are then bound to output signals so they can be used in the friction torque equations.
Next, the observer component computing the friction torque is created. Equation (1) is rewritten in Modelica code. The spring element information to be used as variables are retrieved from the MSL component outputs. Once computed, the friction torque is also exposed as an output.
When friction torque occurs, internal friction torque component is used. It generates the friction torque according to the output value computed by the observer component.
The arc spring component is based on these subcomponents. In order to validate the estimation accuracy depending on the variation of , we create several arc spring modules based on different values for .
Figure 9. Arc spring component implementation in Modelica
The component is made of 4 subcomponents (SpringDamper , Inertia extended with extra outputs, Friction Torque Observer with the mechanism equations, and FrictionTorque).
Component Level Verification
In order to confirm the arc spring module correctness and precision, simulations reproducing unit test equivalent to Fig. 4 are run and we compared the obtained results. On Fig. 10 and Fig. 11 , results from a simulation run with = 8 are compared with experimental measurements from Fig. 4 . We can observe that the data is mostly matching, and that the input torque oscillations are varying according to a non-linear pattern.
Comparisons for = 1 … 10 are shown on Fig. 12 . When is below 6, the non-linearity is not well-preserved and the precision loss observed on Fig. 8 is confirmed .
When comparing the number of generated equations and the overall computation time, it appears that time grows quadratically with the number. To keep reasonable simulation times it is important to have the discretization that would give us a good balance between accuracy and computation cost.
Confronting those results, we can validate the model we built. 
Physical model deployment
To make highly accurate physical models accessible to a larger number of engineers, a consistent and easy-touse interface is required. If the operation varies depending on physical modeling tools, it is ineffective in total because all the work must be done by physical modeling experts. The capability of having a model run in black-box is also essential. Physical modeling tool seems easy to users and they might carelessly connect components in an unintended way. Behaviors and errors which are not intended by model developers must be avoided at all cost.
By using the Functional Mock-up Interface (referred as FMI from below) as a standard to connect models, we established a process which enables everyone to conduct performance prediction by physical models. Users may only interact with a generic Microsoft Excel interface using the Modelon FMI Add-in for Excel (FMIE). We choose Co-Simulation to export the arc spring model because the binary export license of Dymola is not needed.
FMIE can read FMI 1.0 models exported from MODELICA-based tools such as Dymola, can choose input or output variables, set up scenarios to be run, and execute the simulation, and return the results. However, going through these steps every time is inefficient. So we developed a VBA macro (Fig. 14) to partially automate the process. Once we provide design variables and simulation parameters and press a button, all the relevant simulations are performed and result graphics generated (Fig. 15) . With this, anyone can simply run quality simulations only interacting with Excel, without any physical modeling tool even running in the background. 
Conclusion
• We developed a discretized model with MODELICA which represents non-linearity of arc springs • We verified the model accuracy by comparing the dynamic simulation results with measured results of physical tests at component level • We developed an intuitive interface to design arc spring performance easily and accurately Those outcomes enable non-experts of physical modeling to run performance design easily with high accuracy. It will lead to the cost reduction of human resources and speed up product development.
